Fig. 1. Acrolein chemical structure
MAGNACIDE ® H is an herbicide primarily used to remove submersed plants and algae from irrigation canals and ditches. Species of weeds such as Potamogeton spp., Elodea spp., Najas spp., Zannichellia spp., Ceratophyllum spp., Zannichellia spp. and algae such as Anabaena spp., Chara spp., Cladophora spp., Selenastrum spp., Spirogyra spp., are controlled by recommended label use rates of the product. According to the "Application and Safety Manual Acrolein" (Baker Petrolite, 2001 ), the chemical is applied by injection from the container with oxygen-free nitrogen gas into the flowing water, and travels downstream as a wave of treated water until, at some point, the chemical concentration drops to zero. Effective concentrations range from 1 mg/L to 15 mg/L and the treated area of canal is held at periods ranging from 30 minutes to 8 hours. Both the concentration and the treatment time may vary depending on the weed growth condition, water flow rate, temperature, and application time desired. The label does stipulate that "water treated with MAGNACIDE ® H herbicide must be used for irrigation of fields, either crop bearing, fallow or pasture, where the treated water remains on the field or held for 6 days before being released into fish bearing waters or where it will drain into them". MAGNACIDE ® H is a restricted use pesticide for retail sail to, and use only by, certified applicators or persons under their direct supervision. Holcombe et al. (1987) , (2) Venturino et al. (2007) , (3) Cited in Eisler (1994) 
Species

Terrestrial organisms
According to the review by Eisler (1994) , the adverse effects of acrolein depend on the mode and concentration or dose of administration, and duration of exposure. For example, single oral doses of 4 and 28 mg/Kg of body weight resulted lethal to guinea pigs and mice, respectively. The LC 50 reported by inhaled acrolein (mg acrolein/L air) during 30 min and 6 hours exposure were 150 and 10.5 for dog and guinea pig, respectively. Adverse effects were also observed in birds. The oral LD 50 of 3-5 months for the mallard, Anas platyrhynchos, was 9.1 mg/kg body weight. Auerbach et al. (2008) reported decreased survival and toxicity to the forestomach, squamous epithelial hyperplasia in rats and mice (both sexes) exposed 5 days a week during 3 months, by gavage, to 0-10 mg/kg acrolein and 0-20 mg/kg, respectively. Studies in vitro (mouse embryonic fibroblasts culture) showed formation of www.intechopen.com DNA adducts, preferentially at specific nucleotide positions, moderately resistant to DNA repair. However, the results demonstrated that acrolein was not mutagenic to these cells at doses sufficient to produce DNA adducts (Kim et al., 2007) . Further, rat embryo culture system treated with acrolein (200 and 250 μM) showed a drastic inhibition of growth differentiation without teratogenic potential (Schmid et al., 1981) . Conjugation with GSH is one of the two major detoxification pathways of acrolein. The 3-hydroxypropylmercapturic acid was the principal metabolite found in urine of male Wistar rats exposed to acrolein inhalation and intraperitoneal administration. To lesser extent, the metabolite 2-carboxyethylmercapturic acid was determined (Linhart et al., 1996) . Acrolein degrades quickly in soils and in plant tissues regardless of mode of administration. Most terrestrial crop plants can tolerate 15 mg of acrolein/L of irrigation water (Eisler, 1994) . Nordone et al. (1997) (Caldironi et al., 2004) .
Humans
Liquid acrolein is absorbed by the skin, and is particularly irritating to the eyes. The vapor is highly toxic and a strong irritant (lachrymator) which acts principally on the mucous membranes of the eyes, nose, throat and lungs. The vapor concentration tolerable to humans is 0.1-1 ppm in air and can cause lung injury at 2-4 ppm (Baker Petrolite Corporation, 2001 ). The effects of long-term atmospheric exposure of humans to acrolein at tolerable levels are not known, but the concentrations likely to be found in the environment or workplace should not affect human reproduction (WHO, 1991) . There is inadequate evidence in experimental animals for the carcinogenicity of acrolein (Group 3) (IARC, 1995) .
Fate of acrolein after direct application into irrigation canals
The high reactivity of acrolein prevents its persistence in the environment, and its transportation over long distances (WHO, 2002; U.S.EPA, 2003) . Dissipation of acrolein from aquatic ecosystems includes abiotic and biotic degradation, volatilization, absorption and dilution. Acrolein is at equilibrium with the abiotic product 3-hydroxypropanal, and the presence of both compounds is transient (Nordone et al., 1996) . The decay of acrolein and its hydration product is a first order process in agricultural canals when applied at the recommended concentrations. The half-life of acrolein in weedy irrigation canals from United States, Australia, and Argentina was 10.2, 4.3, and 9.63 hours, respectively (Bowmer & Sainty, 1977; Nordone et al., 1996; Venturino et al., 2007 with fish and bacteria have demonstrated that acrolein losses its biocide activity in 120-180 days in different buffer systems at pH 7 and 22ºC (Kissel et al., 1978) . Monitoring studies in United States (U.S. EPA, 2007) showed that the compound can be transported to distances of at least 61 miles beyond the initial site of application at concentrations that are still active. At the application rate of 15 ppm acrolein into irrigation canals, the primary microbial degradation product was 3-hydroxypropanal. Other ephemeral products such as acrlylic acid, allyl alcohol, propionic acid, propanol, and 3-hydroxipropionic acid were also identified (Smith et al., 1995) . The high water solubility of acrolein and low estimated Koc suggests that acrolein does not significantly adsorb to suspended solids and sediment (HSDB, 2010; U.S.EPA, 2007) . Volatilization from water surfaces is expected to be an important fate process based upon the compound's Henry's Law constant (1.0 x 10 1 mol atm -1 dm -3 ). Estimated volatilization half-lives for a model river and lake (1 m deep) were 7.6 hours and 4.6 days, respectively (HSDB, 2010) . In the atmosphere, the primary removal mechanism for acrolein is through the reaction with hydroxyl radicals with a half-life between 15-20 hours (Faroon et al., 2008) . It is unlikely that acrolein bioaccumulate or bioconcentrate significantly in aquatic organisms (WHO, 1991). Acrolein was not detected in the tissues of fish (Lepomis macrochirus and Ictalurus punctatus) and shellfish (Elliptio complanata and Orconectes virilis) exposed separately to [ 14 C]-acrolein in water (0.02 and 0.1 mg/L for fish and shellfish, respectively), over a 1-week period, and sampled 1 day after a second exposure. The presence of metabolites indicated that these species were able to rapidly metabolize acrolein (Nordone et al., 1998 ). An estimated Bioconcentration Factor of 3.2 suggests that the potential for bioconcentration in aquatic organisms is low ((HSDB, 2010).
Risk assessment of acrolein application as an herbicide in irrigation canals
We developed a risk evaluation of the use of acrolein in an irrigated valley, where applications of this compound (MAGNACIDE ® H) had been currently performed for more than 20 years during the spring-summer seasons. The area of study was located in the Río Colorado valley (Argentina) between 39º10' to 39º55'S and 62º05' to 63º55'W. The irrigation of the area, controlled by the CORFO-Río Colorado cooperative, consists of 331 km of main canals, 3738 km of both secondary and tertiary canals, and 397 km of drainage canals which discharge directly to the Argentinean sea. The herbicide had been applied at different target concentrations and durations. The application scheme of 15 mg/L for 1 hour was used principally during the first years of use. Afterwards, it was applied at a target concentration of 4 mg/L for 12 hours. The temperature in water canals ranged from 15 to 22.5ºC during the application seasons. Water flow rates were regulated currently between 0.20-0.50 m/s, according to weed proliferation status. Keeping a tiered approach recommended by ECOFRAM (1999), we divided the ecological assessment into four tiers: (a) Literature-based screening level ecological risk assessment, (b) risk assessment with site-specific information, (c) risk assessment with native species, (d) impact of acrolein on benthic invertebrates (field study).
At tier 1, we compared the maximum predicted peak concentration in the CORFO canals with acute endpoints such as effective or lethal concentration, from the most sensitive species of freshwater fish, amphibian, molluscs and crustacean from selected to assess the aquatic risk since they are the principal ecological receptors. Hazard Quotients (HQ) were calculated using the target concentrations of acrolein in the two different application schemes. The calculated acute HQ were compared with criteria used for risk characterization in tier 1 (Urban & Cooke, 1986) . The acute HQ estimated for both application schemes highly exceeded the risk criteria for all groups of organisms evaluated ( Chronic toxicity data were not used in this study because of the limited information available and the rapid dissipation of acrolein in treated canals. The risk criteria were highly exceeded for all of the species analyzed implying that progress to tier 2 was indispensable.
The environmental fate behavior of acrolein was incorporated in tier 2, to provide probabilistic expressions of the potential risk associated with its use as an herbicide. First, effects of acrolein on aquatic freshwater organisms were characterized by distribution sensitivity curves (ECOFRAM, 1999) . The acute toxicity data obtained from scientific literature (Holcombe et al., 1987; WHO, 1992; Eisler, 1994) included 10 species of fish, 1 species of amphibian, 3 species of crustacean, 2 species of molluscs, 1 species of insect, 2 species of protozoan, and 3 species of algae (Table 1) . According to the Guidance Document on Aquatic Ecotoxicology (EU, 2002), two algae species from different taxonomic groups should be included for herbicide risk assessment. Even though photosynthesis inhibition is not an equivalent endpoint, it was included into the list to compare algae toxicity. The species were ranked by decreasing sensitivity and the rank was transformed to a percentile [i/(n+1)], where i is the species rank, and n is the total number of species listed. The probit analysis was performed to obtain the regression lines and to determine the 10 th percentiles. Figure 2 represents the LC 50 logtransformed and the percentiles converted to probabilities from the data set and the distribution profile of toxicities to organisms. From the fitted line of the distribution for all species the 10 th percentile was 0.011 mg/L which means that 10% of the species have LC 50 values lower than this concentration. On the other hand, the 10 th percentile from the distribution of sensitivities to acrolein in animals, excluding the values from algae and weeds, was 0.0094 mg/L. This analysis suggests that a significant number of aquatic species may be seriously and unacceptably affected by acrolein concentrations in the canals.
www.intechopen.com Next, an estimation of acrolein levels along the canals was considered for risk evaluation. On the basis of CORFO application data during several application seasons, we estimated the dissipation of acrolein in the canals. The model applied takes into account the time-space variability of acrolein concentrations within the canals, applying an exponential equation (1) that predicts the exposure at different distances from the application site:
where:
[Acrolein] d = Concentration of acrolein at distance d from the application point.
[Initial acrolein] = Concentration of acrolein at the application point. t 1/2 = 9.63 h according to dissipation studies performed on the canals. v (km/h) = water flow velocity in the canal. The pulse of acrolein passing through the canal may be visualized as a block with side heights exponentially decreasing as it is moves by water flux, and length depending on the application schedules (Fig. 3) . According to this model, the predicted concentrations were calculated at several distances from the application point in order to analyze theoretical exposures within the water body.
The maximum distance calculated from the application point was 20 km since it is the approximate span wherein weed control is still effective. The predicted concentration of acrolein at different distances and the percentage of species whose LC 50 /EC 50 were exceeded at each concentration is summarized in Table 3 . These results showed that a high percentage of the species are likely to be affected by the herbicide despite the distance from the application point in the treated canal. Table 3 . Predicted concentration of acrolein and percent of species affected. Concentrations following application of acrolein were estimated for a target concentration of 4 mg/L during 12 hours at the application point and at different points along a canal with water velocity of 0.25 m/sec.
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To increase the environmental realism of the tier 2 scenario, different application patterns of acrolein over six years at CORFO-Río Colorado (N=165 applications) were incorporated to the analysis. According with the dissipation model, the expected concentrations at the application point, at 10 km and at 20 km downstream were estimated. The environmental expected concentration as a cumulative exceedence curve at the above three distances, and the distribution profile of toxicities is presented in Fig. 4 . For each concentration on the X axis, this curve indicates the frequency that concentration was exceeded during the period of time analyzed, and the percentage of species affected. Therefore, each pair of points (probability and percentage of species) can be associated to a concentration. For example, during that period, the concentration causing mortality to 73% of the species (1 mg/L) was exceeded in 55%, 95% and 100% of the applications at 20, 10 and 0 km from the application point, respectively. On the basis of the results here depicted, it may be concluded that acrolein poses sufficient risk as an herbicide to require a higher level of assessment. Some of the studies proposed by ECOFRAM (1999) in tier 3 of aquatic risk assessment are: (a) Acute toxicity studies with additional species, (b) investigation of the toxicity associated with repeated exposures, (c) chronic toxicity studies, (d) sediment toxicity studies. Additional acute toxicity studies with native species, collected nearby the potential site of exposure to acrolein or obtained from hatcheries, were then performed in tier 3. The last instar larvae of the insects Chironomus spp. and Simulium spp., the mollusc Heleobia parchappii, the crustacean Hyalella curvispina, tadpoles of the amphibia Rhinella arenarum, and juveniles of the fish Oncorhynchus mykiss were selected for the study. The different organisms were exposed to different concentrations of acrolein. The experimental conditions and the complete ecotoxicological data listing the LC 95 , LC 50 , Lowest Observed Effect Concentrations (LOEC), and No-Observed Effect Concentrations (NOEC) are published elsewhere . The toad R. arenarum was the most sensitive species followed by the fish Oncorhynchus myskiss. However, toxicity in both species is almost three times lower (0.023 and 0.038 mg/L) than in their related counterparts Xenopus leavis and Catostomus commersoni, (0.007 and 0.014 mg/L), respectively. The native species Chironomus spp. was the less sensitive to acrolein with the highest LC 50 (2.83 mg/L). A probit analysis on percentile sensitivity distribution for the native species provides an estimation of 0.013 mg/L acrolein as the 10 th percentile, which is the concentration eventually affecting 10 percent of native species (Fig. 5 ). This value is quite similar to the 10 th percentile estimated from the sensitivity distribution using published data for other species (Fig. 2) . To compare the ecotoxicological data with field predicted exposure concentrations, a first approach can be made using the percent mortality obtained at 24 hours with exposures to 0.5 and 1.0 mg/L of acrolein in laboratory tests. These levels were chosen considering the potential concentration of acrolein approaching 20 km from the application point in the lowconcentration treatment schedule (0.8 mg/L), and the probable exposure time in the canals. The values obtained, shown in Table 4 Table 4 . Percent of mortality at 24 hours of exposure to 0.5 mg/L and 1.0 mg/L acrolein in laboratory tests.
To improve the risk assessment, the sensitivity distribution along the distance from the application point was analyzed. From it, the exceedence probabilities could be assessed as www.intechopen.com percentiles of native species affected by acrolein. The two extreme application schedules of 15 mg/L-1h (scheme 1) and 4 mg/L-12h (scheme 2) were chosen, spanning the most of the alternatives used at CORFO-Río Colorado (Fig. 6) . From the probit analysis, it is inferred that the distances needed for acrolein dilution and degradation to a concentration affecting no more than a 10% of native species are not physically feasible (175 km for scheme 1; 74 km for scheme 2). On the other hand, it alerts on the risks posed by both application schemes: scheme 1 produces an acute exposure (1 h) that probably affects 95% and 90% of native species at about 11 km and 30 km respectively dowstream the application point. Scheme 2 affects 90% of native species just at the application point. In both cases, the risk probability decreases linearly with the distances from the application point. The use of acrolein as an herbicide against aquatic weeds currently requires periodical applications during spring-summer seasons. Acrolein exposure in aquatic ecosystems occurs in pulses, with peak concentrations in the water lasting few hours. Such pulses are applied periodically, typically every 20-30 days. Repeated exposure assays have been performed with two native species applying pulse-recovery schemes, simulating the application frequencies in CORFO-Río Colorado canals ). The effects were tested at 96h-LOLC and LC 50 values for each species. R. arenarum, which was the most sensitive to acrolein, presented a significant increase in mortality after the first exposure-recovery cycle, and the effect was observed after acrolein removal, during the recovery period. According to this observation, a lower survival rate constant was significantly determined for acrolein treatments (Table 5) . Latency effectively occurred because the onset of mortality was delayed, becoming evident during the recovery time. No cumulative effects for the repeated exposures were observed, and the final number of surviving larvae was statistically the same. Selection of tolerant individuals takes place during the first exposure, then the remaining sub-population is similar in number for both treated and control groups. Moreover, R. arenarum tadpoles surviving the three pulses of acrolein arrived to metamorphosis at the same time and proportion as controls. The acute toxicity tests and risk assessment on native species lead to a concern about acrolein effects in the irrigation canals. Repeated exposure tests showed no cumulative effects, as population survival remained unchanged with respect to controls after the third exposure. Other studies at this stage of the evaluation are not recommended for the use of acrolein as an herbicide. The physical and chemical properties of the compound such as its high reactivity, its low tendency to partitionate to organic matter, and its low persistence in the environment do not require sediment toxicity studies as a priority. At this step, the risk evaluation needs to include field studies to broaden the analysis towards community and population levels. This category of approach in tier 4 lets the determination of effects on a variety of organisms in the ecosystem, including the interaction among species and indirect effects. In the case of the use of acrolein as an aquatic herbicide, a field study on benthic invertebrates has been designed to establish the safety of the exposure regime of MAGNACIDE ® H at the CORFO-Río Colorado canals (Albariño et al., 2007) . These organisms are prone to human perturbation of the ecosystem, and relatively sedentary if compared to other organisms such as fish or amphibian. A total of 34 benthic macroinvertebrates were identified in CORFO-Río Colorado canals. From the study, spanning two years, it was determined that acrolein was able to reduce community diversity and abundance during the application seasons. However, the benthic community was able to recover its ecological attributes two months after ceasing canal treatments with acrolein. Thus, the use of acrolein as an herbicide would be ecologically acceptable, taking into account that its toxic effects are reverted in a reasonable time (Campbell et al., 1999) . The directional flux in the lotic systems under study probably allow the recolonization of the areas where a local perturbation has been introduced, such as the application of the herbicide, by flowing organisms from upstream sites ( Winterbourn & Townsed, 1998 ).
Conclusions
There are no generally accepted quantitative criteria for evaluating ecological significance and expert judgement is always required. We have shown here evidences from literature data and from risk assessment with native species that acrolein used for weed control in irrigation canals is extremely toxic for most of the living organisms at the recommended treatment concentrations and conditions. Nevertheless, its presence in the canals is transient and it has been observed a natural recovery process, mainly operating through the introduction of species from outside the treated area that minimizes the ecological risk.
Populations of species with a high intrinsic growth rate, such as zooplankton, may rapidly recover after an acute toxicity event. Species with lower intrinsic growth rate, such as amphibians and fish, will require longer periods for population recovery. One advantage in the protection of higher organisms such as birds and mammals is the irritating odour of the herbicide. The odour prevents them from getting close to the treated area, so these species are not endangered by the compound. Taking into account the fact that most population effects derived from the use of acrolein as an aquatic herbicide are temporary, we conclude that its use is ecologically acceptable because recovery occurs within a reasonable period of time. In order to minimize the risk on the ecological receptors, a strict control on the treatment regime, concentration applied, timing and frequency of application must be ensured. Treated canals must be controlled during the applications, water release must be prevented until the product has dissipated, and it must be ensured that water is used only for irrigation purposes.
